The development of reliable tissue engineering methods using decellularized cadaveric or donor lungs could potentially provide a new source of lung tissue. The vast majority of current lung decellularization protocols are detergent based and incompletely removed residual detergents may have a deleterious impact on subsequent scaffold recellularization. Detergent removal and quality control measures that rigorously and reliably confirm removal, ideally utilizing nondestructive methods, are thus critical for generating optimal acellular scaffolds suitable for potential clinical translation. Using a modified and optimized version of a methylene blue-based detergent assay, we developed a straightforward, noninvasive method for easily and reliably detecting two of the most commonly utilized anionic detergents, sodium deoxycholate (SDC) and sodium dodecyl sulfate (SDS), in lung decellularization effluents. In parallel studies, we sought to determine the threshold of detergent concentration that was cytotoxic using four different representative human cell types utilized in the study of lung recellularization: human bronchial epithelial cells, human pulmonary vascular endothelial cells (CBF12), human lung fibroblasts, and human mesenchymal stem cells. Notably, different cells have varying thresholds for either SDC or SDS-based detergent-induced cytotoxicity. These studies demonstrate the importance of reliably removing residual detergents and argue that multiple cell lines should be tested in cytocompatibilitybased assessments of acellular scaffolds. The detergent detection assay presented here is a useful nondestructive tool for assessing detergent removal in potential decellularization schemes or for use as a potential endpoint in future clinical schemes, generating acellular lungs using anionic detergent-based decellularization protocols.
Introduction
F or many patients with end-stage lung diseases, lung transplantation remains the only available therapeutic option. Lung transplantation is complicated by acute and chronic rejection, side effects from immunosuppressive medications, and organ shortage. 1 Ex vivo lung tissue engineering, using decellularized whole lungs or lobes as scaffolds for seeding with autologous cells derived from the transplant recipient, has been recently explored as a potential alternative. 2 The majority of current lung decellularization approaches utilize detergent-based protocols to remove cells and cell debris while leaving the major airway and vascular architecture and extracellular matrix (ECM) composition of the native lung intact (reviewed in Wagner et al.
challenging in large organs, such as porcine and human lungs, as large rinse volumes may be needed to wash out residual detergents. Removal of detergents, especially anionic detergents, from proteins and large acellular scaffolds is known to be difficult. [3] [4] [5] [6] [7] [8] 11 At present, there are no widely used noninvasive assays to detect anionic detergent removal from decellularized lungs and thus investigators mainly use excision of small segments and culture of thin slices with one or two cell types to test cytocompatibility before recellularizing larger segments or whole lobes. 2, 3, 5, 6, 10, 12, 13 In addition to cell-based cytocompatibility assays, others have previously assessed the presence of residual detergents in large lung scaffolds derived from porcine or human sources. 5, 7, 8 Gilpin et al. used colorimetric analysis to detect residual SDS present in tissue sampled from decellularized human and porcine lungs using the Stains-All solution. 5 The Stains-All solution was previously shown to be specific for SDS, among other potential contaminating ions and detergents, in a linear manner between 0% to 0.2% SDS, 14 while the general concentration of SDS used throughout lung decellularization protocols is 0.1-1%. 4, 5, 15 Increased detergent concentrations have been thought to be necessary for decellularizing lungs obtained from larger species and Triton X-100 has been used following SDS perfusion to remove residual SDS. 4, 5 However, this method of detergent analysis utilized excision of decellularized lung tissue, lyophilization, and enzymatic digestion of the tissue for detection of SDS. Whether Stains-All can be used for detection of other anionic detergents or in effluents is unknown.
Price et al. used Sudan III staining to detect residual detergents in situ in excised tissue slices from porcine lungs decellularized using a 0.1% Triton X-100 and 2% SDCbased protocol and found that porcine lungs decellularized using a manual-based perfusion technique retained more detergent than those decellularized using an automated bioreactor program. 7 While this technique is useful for potentially visualizing detergent localization in the matrix, it requires destructive tissue excision. 7 Sudan staining is also not specific for detergents and may stain other residual cellular materials, such as lipids, potentially complicating interpretation. 16, 17 Significantly, both of these techniques are destructive to the integrity of the complete scaffold and likely are not ideal to be used in a clinical translation scheme where detergent removal is important to confirm before recellularization.
Detection and removal of residual detergents has also been an important endpoint in generating acellular scaffolds other than lung. 11, 12, 18 The SDC content in acellular human saphenous vein and in acellular porcine liver and kidney tissue has been assessed using an methylene blue (MB)-based assay, colorimetrically analyzing the presence of anionic detergents. 12, 18 Both methods, however, used excision and homogenization of acellular tissue for detergent detection and were not optimized for use with other decellularization agents. Agents such as chloride and sulfates have long been known from wastewater studies to potentially impact measurements in the MB-based detergent assays and contaminants have required extensive backwashes, multiple chloroform extraction steps, and use of large volumes to minimize these effects. 19 In an effort to extend this method of anionic detergent detection to the lung decellularization field, we scaled down and optimized the MB detergent detection assay for use in whole lung perfusion decellularization effluents, taking into account other potential decellularization reagents that might interfere with detection. We were able to reliably and accurately detect at least two different anionic detergents, SDC and SDS, with high specificity both in the concentration range utilized in decellularization schemes and also in the presence of other commonly utilized decellularization agents and successfully applied this assay during detergentbased decellularization of both small and large lungs. We further determined detergent concentrations causing cytotoxic effects in four different relevant, representative human lung cell types that might be utilized in recellularization schemes and found that different cells have different detergent cytotoxicity thresholds. Therefore, the use of such an assay before recellularization studies could be critical in nondestructively determining the cytocompatibility of acellular scaffolds produced using either of these detergents.
Materials and Methods

Anionic detergent assay development and optimization
Concentrations of two anionic detergents widely utilized in whole lung and lobar decellularization schemes, SDC (SigmaAldrich, St. Lewis, MO) and SDS (Bio-Rad Laboratories, Berkeley, CA), were determined using an MB assay. 14, 18, 20 To generate standard curves, 2% SDC and 1% SDS solutions were diluted in de-ionized (DI) water over a range consistent with use in decellularization schemes. 4, 5, 7, 8, 10, 13, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The samples were then mixed with 0.0125% MB (Sigma-Aldrich) in DI water (w/v) at a ratio of either 1:1, 1:10, or 1:100 (sample:MB solution, v/v). After vortexing of the samples with MB, chloroform (Sigma-Aldrich) was added at a ratio of 1:2 (sample: chloroform, v/v). Samples were then vortexed for 1 min. Following a 5, 15, 30, or 60 min incubation period at room temperature, 150 mL of the bottom chloroform layer was extracted (Supplementary Fig. S1 ; Supplementary Data are available online at www.liebertpub.com/tec) and the absorbance was measured in a Synergy HT Multi-Detection Microplate Reader (Biotek Instruments, Winooski, VT).
All assays were conducted at the respective absorbance maximums of 630 nanometers (nm) for SDC:MB complexes or 650 nm for SDS:MB complexes in a polypropylene 96-well plate (Costar, Corning, New York City, NY). A maximum of eight samples were transferred and measured in the plate reader at one time to reduce potential error caused by evaporation of the chloroform. The protocol was performed in triplicate. Pure DI-water or PBS (Mediatech, Inc., Manassas, VA) containing no detergents served as the blank for respective experiments.
To analyze the effect of other ions and reagents commonly utilized during decellularization protocols, 2, 4, 5, 7, 8, 10, 20, 21, [24] [25] [26] we determined the SDC concentration in the presence of a range of Triton X-100 (0-1%), 2 mM CaCl 2 (Sigma-Aldrich), 1.3 mM MgSO 4 (Sigma-Aldrich), a solution of both 2 mM CaCl 2 (Sigma-Aldrich) and 1.3 mM MgSO 4 (Sigma-Aldrich), or 1 M NaCl (Fisher Scientific, Hampton, NH). To assess the effect of PBS on assay performance, SDC and SDS standards were prepared in PBS in addition to DI water.
We further evaluated the influence of proteins on assay performance by adding bovine serum albumin (BSA) (Fisher Scientific) in three different concentrations, 5, 0.5, and 50 mg/mL to cover a broad range of protein concentrations that could be detected in decellularization effluents. We further analyzed the effect of different basic solutions on assay performance. Standard curves were prepared with pHs of 8, 10, and 12-a pH range that was recently used by Tsuchiya et al. 30 to analyze the effect of pH during detergentbased decellularization.
Lung decellularization and effluent collection
Adult C57BL/6 mice (8-12 weeks, Charles River, Wilmington, MA) were maintained under standard laboratory conditions and euthanized by exposure to CO 2 according to Institutional Animal Care and Use Committee (IACUC) and Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) standards. Human lungs were obtained with permission from next of kin from autopsy services at the University of Vermont Medical Center, Burlington, VT, and only lungs or lung lobes from patients with no history of smoking or significant lung disease were used in this study. Porcine heart-lung blocs were obtained at the University of Vermont in Burlington, Vermont, from 12-week-old male Sus Scrofa pigs, courtesy of Helene Langevin, MD and Jeff Spees, PhD, under all appropriate IACUC and AAALAC standards.
Human lobes and mouse and pig lungs were decellularized under sterile conditions over 3 days by sequential instillation and rinsing through the trachea (main lobar bronchi for human lobes) and the right ventricle (main lobar artery and vein for human lobes) with DI water, 0.1% Triton X-100 (Sigma-Aldrich), 2% SDC, 1 M NaCl, and porcine pancreatic DNase (Sigma-Aldrich); human and porcine lungs were terminally sterilized in peracetic acid (PAA) (Sigma-Aldrich) followed by equilibration with a PBS storage solution (5X pen/strep, 50 mg/L gentamicin (Corning), 2.5 mg/mL amphotericin B (Corning) in 1X PBS (PBS-SS), as previously described. 8, 10, 20, 24 Histologic assessment of decellularization Efficacy of decellularization in murine, porcine, and human lungs was assessed by fixing samples in 4% paraformaldehyde, embedding in paraffin, and mounting 5 mm sections before deparaffinization and hematoxylin and eosin (H&E) staining, as previously described. 8, 10, 20, 23, 24 All images were acquired using an EVOSÔ Digital Color Fluorescence Microscope (Advanced Microscope Group, Bothell, WA).
Assessment of protein concentrations in lung decellularization effluents
Protein concentration of effluent samples was measured using the Detergent Compatible Protein Detection Assay (BioRad, Hercules, CA) according to the manufacturer's instructions. Samples were measured in triplicates and compared to a BSA standard curve for quantification.
Assessment of residual anionic detergents in lung decellularization effluents
All effluent samples were initially measured in a 1:100 ratio with MB, as this assay protocol yielded linear standard curves for the entire potential range. If concentrations in the effluents were below 0.5%, a lower initial ratio of 1:10 (sample:MB) within its linear range was utilized to improve accuracy. The SDC concentration in the effluents was calculated using a linear regression of the respective standard curve.
Wash effluents were obtained at different stages of the decellularization process for mouse, pig, and human lungs and stored at 4°C until assessed for anionic detergent content. An overview of the sampling scheme is displayed in Supplementary Fig. S2 . Mouse lungs were flushed with 3 mL DI water via the trachea and 3 mL DI water via the right ventricle. Those effluents were combined and stored at 4°C until analysis. Flushing was repeated five times (wash numbers 1-5) and each wash step was analyzed separately.
Human lung lobes and pig lungs were washed two to three times alternating via the airways and vasculature with DI water until fully inflated (approximately 1.5-2.5 L, depending on size) after each incubation step (wash numbers 1-6). 8, 10 Airway (wash number 1, 3, 5) and vascular washes (wash number 2, 4, 6) for human and porcine lungs were not combined and were analyzed individually. For calculation of detergent concentrations in effluents following PBS-SS washes and homogenates, PBS-SS was used as the blank.
Cell culture
Human bronchial epithelial cells (HBE) (courtesy of Albert van der Vliet, University of Vermont, originally from Drs. J. Yankaskas and R. Wu), 31 human lung fibroblasts (HLF) (Lonza, Basel, Switzerland), human mesenchymal stem cells (hMSC) (courtesy of Dr. David McKenna, University of Minnesota), and a primary human pulmonary vascular endothelial cell line (CBF) (courtesy of Dr. Mervin Yoder, Indiana University) were expanded in standard 150 mm tissue culture plates (Corning) in their respectable media as previously described. 8 All cells were cultured in a humidified incubator at 37°C, 5% CO 2 .
Cytotoxicity assessments
To determine cytotoxic thresholds from the different detergents and thus begin to establish minimum effluent detergent concentration criteria, we followed ISO 10993:5 (Standard, I. Biological Evaluation of Medical Devices: Tests for in vitro cytotoxicity) and used 70% viability compared to the cell cultivation medium (negative, nontoxic control) as cytotoxic threshold. 32 hMSCs were seeded at 10,000 cells/ well and CBFs, HBEs, and HLFs were seeded at 20,000 cells/ well in 96-well plates and left to adhere overnight. Different cell numbers were used to account for the differences in cell size and to assure similar confluence after initial cell attachment. Media was then changed to media containing different amounts of detergents over a range of concentrations commonly used in decellularization protocols (SDC: 0.0-2.0%, SDS: 0.0-1.0%, Triton X-100: 0.0-0.1%; mixed at a ratio of 1:4 (sample:medium)) and incubated for 24 h.
Cytotoxicity was subsequently assessed using a WST-1 assay (G-Biosciences, CytoScan, St. Louis, MO) according to the manufacturer's instructions. Cells were washed with PBS before incubation with WST-1 at a concentration of 15 mL/mL cultivation medium for 2 h. About 2.5% Triton X-100 was used as a cytotoxic (positive) control and media alone was used as a negative control. Values were normalized to the medium (negative) control and displayed in percentage (%) of control values.
To assess effects on cell viability of effluents and to assess removal of the cytotoxic detergent from the extracellular environment of the acellular scaffolds, cells were incubated for 24 h with either the first or final DI water effluents following SDC incubation of human lung decellularization (SDC1 and SDC6, respectively), the first or final PBS-SS wash (PBS-SS1 and PBS-SS6, respectively), or homogenates as described below (sample:medium ratio 1:4). Cell viability was assessed as described above.
Preparation of homogenates from decellularized lungs for cytotoxicity assessment Decellularized human and pig lung segments of about 2 cm 3 were homogenized in PBS-SS using a Polytron (Kinematica, Lucerne, Switzerland). To remove large pieces of homogenized tissue, solutions were centrifuged followed by filtration (MILLEX GP, pore size 0.22 mm, PES membrane, Merck Millipore Ltd., Tullagreen, Carrigtwohill, Co Cork, Ireland) before cytotoxicity assessment. SDC concentration was determined in these samples using the optimized protocol with PBS-SS as background. The potential effect of filtration on detergent concentration was assessed before and after filtering standard curves.
Statistical analyses
All values are shown as mean with standard deviation and calculated with Graph Pad Prism 6 (GraphPad Software; La Jolla, CA). The nonlinear standard curves were fit with a one-site total binding curve. For comparison of two groups, an unpaired t-test, with Welch's correction was used. More than two groups were compared with ANOVA and Bonferroni post-test. The WST data were analyzed with a onesample t-test to the hypothetical value of 70%. A p-value lower then 0.05 was considered statistically significant.
Results
Optimization of anionic detergent assay
We first attempted to use a scaled down version of an MB detergent assay originally developed to detect anionic detergent in wastewater. 19, 33 We determined the absorption maximum from the absorption spectra for each MB-detergent complex (SDC and SDS) in chloroform and found that SDC's absorption peak occurred at about 635 nm, while SDS's occurred at 650 nm ( Supplementary Fig. S3 ). In all future measurements, we used 630 nm for SDC and 650 nm for SDS detection for compatibility with commonly utilized spectrophotometers.
Owing to a previous report, which measured SDC in decellularized human saphenous veins, we began with a 1:1 ratio of MB to anionic detergent solution and found that standard curves from 0% to 2% SDC displayed nonlinear behavior (data not shown). 18 We then began varying the initial dilution and increased the ratio of aqueous fraction to chloroform to 1:2 to see whether linear curves could be generated. We found that at a dilution of 1:10, the SDC standard curve was linear up to 0.5% and that a dilution of 1:100 achieved linearity for SDC over the complete range of SDC commonly used in lung decellularization protocols ( Fig. 1 and Supplementary Fig. S4 ). We also could observe qualitative differences in the amount of blue color extracted into the chloroform layer over the same range (Fig. 1A) .
We next similarly assessed SDS and found that a 1:1000 dilution was needed for linear SDS detection ( Fig. 1D and Supplementary Fig. S5 ). As anticipated from the different maximum absorbance peaks between SDC and SDS, the shade of blue extracted into the chloroform qualitatively differed between SDC and SDS (Fig. 1A, B) . Standard curves for SDC (1:100) and SDS (1:1000) generated at higher concentrations were nonlinear, exhibiting saturation curve binding behavior at higher detergent concentrations ( Supplementary Figs. S4  and S5 ). Higher concentrations of MB could not be assessed owing to increased viscosity and subsequent loss of precision in assay performance (data not shown).
Despite these low dilutions and volumes, we were able to precisely and reliably generate linear standard curves of both SDC and SDS across a wide range of concentrations commonly utilized in whole lung decellularization protocols.
Effect of other decellularization components on assay performance
It has previously been reported that detection of detergents in water samples by the MB assay can be significantly impacted by contaminating ions. 33, 34 We first tested the linearity of standard curves of both anionic detergents in the presence of PBS, as many decellularization protocols utilize PBS as a final wash rinse.
2,3 While we observed a trend of decreased absorbance with SDC standard curves in PBS versus SDC in DI water, these differences were not statistically different (Fig. 1C) . In contrast, we observed a slight, but nonsignificant, increase in absorbance measurements with SDS standard curves made in PBS versus DI water (Fig. 1D) . Importantly, linearity was maintained in PBS for both anionic detergents.
We next tested each of the potential decellularization components that might affect assay performance in SDCbased protocols (1 M NaCl, 2 mM CaCl 2 , 1.3 mM MgSO 4 , 2 mM CaCl 2 + 1.3 mM MgSO 4 , and PBS). 7, 8, 10, [20] [21] [22] [24] [25] [26] [27] Similar to our findings in PBS, we found that none of these components, at these concentrations, affected the linearity of the assay nor resulted in statistically significant differences between the DI water and decellularization solution at any concentrations (Fig. 2) . The impact of the various decellularization solutions at 0.5%, a more realistic upper concentration limit that might be encountered in actual usage of the assay is summarized in Table 1 .
We further analyzed the specificity of the assay for anionic detergents by using a nonionic detergent (Triton X-100) commonly used in SDC and SDS decellularization protocols. 4, 5, 7, 20, 21, 22, 24, 26 Use of Triton X-100 (concentration range 0.0015625-1%) did not result in any absorbance detection up to 1% Triton X-100 ( Supplementary Fig. S6 ). Further, there was no significant difference between the SDC standard prepared in DI water versus in a 0.1% Triton X-100 solution (Supplementary Fig. S6B ). Interestingly, the addition of 0.1% Triton X-100 to the SDS standard led to a significant decrease in absorbance at concentrations of 0.5 and 1% SDS (Supplementary Fig. S6C ).
We next analyzed the influence of different basic pH solutions on assay performance. Neither pH 10 nor 12 led to a significant difference in absorbance measurement compared to the SDC standard prepared in DI water (final solution pH 8) (Supplementary Fig. S7 ). To determine general influences of proteins in decellularization wash effluents on assay performance, we evaluated the SDC concentration with the addition of BSA. We first determined the amount of protein detected in wash effluents during human lung decellularization with a commercially available detergent compatible protein detection assay. We found the highest protein concentration to be about 0.5 mg/mL in the wash steps after incubation with 2% SDC ( Supplementary  Fig. S8A) . None of the different concentrations of BSA added to the SDC solutions, covering a broad range potentially detected during lung decellularization, including 10x higher than values that we measured in our protocol (i.e., 5 mg/mL) led to significant differences in absorbance measurements in the MB detergent assay ( Supplementary  Fig. S8B and Table 1 ).
Optimization of assay performance
It has been previously reported that the incubation time of MB with anionic detergents may impact the reliability of the assay performance. 34 Therefore, we further evaluated whether the incubation time would influence our anionic detergent detection ability. Following vortexing, we incubated the samples with chloroform for 5, 15, 30, and 60 min. Longer incubation times were found to correspond to higher absorbance values (Supplementary Fig. S9 ). However, we only observed significant differences between incubation times at an SDC concentration of 2% and linearity remained unaffected during all incubation times. While we saw significant differences between the shorter incubation times (comparing 5 to 15, 5 to 60, and 15 to 60 min), there was no significant difference between 30 and 60 min, indicating that most of the MB:detergent complexes had entered the chloroform phase after 30 min.
These results show that the assay is suitable to specifically and reliably detect anionic detergents, like SDC, in effluents during decellularization without interference of other additives like NaCl, CaCl 2 , MgSO 4 , and Triton X-100. A stepwise protocol of the optimized assay is depicted in Table 2 .
Detection of SDC during lung decellularization and remaining in acellular lung scaffolds
We next sought to determine whether this assay could detect changes in the effluent of decellularized lungs in a Triton X-100 and SDC detergent-based protocol, which we and others have used in rodent, primate, porcine, and human lungs. 7, 8, 10, [20] [21] [22] [24] [25] [26] As previously described, decellularized scaffolds generated from mouse, porcine, and human lungs were evaluated by H&E staining and were found to have maintained gross lung architecture and removal of both cellular bodies and no intact nuclear staining (Supplementary Fig. S10 ). We first used the optimized assay to measure the absorbance values of each decellularization solution at baseline to determine whether any of the solutions might produce false positives (i.e., significant absorbance in the absence of SDC). We found that both the 1 M NaCl solution and the PBS-SS used during decellularization lead to slight, but significant, increases in absorbance measurements when compared to pure DI water ( Supplementary Fig. S11A ). Interestingly, in addition to increased absorbance over DI water controls, we also observed a slight shift in the absorbance maximum for non-SDC containing solutions compared with the maximum peak for SDC-containing solutions (Supplementary Fig. S11B ). This likely indicates formation of a different MB complex. Taken together, this strongly suggests that using this optimized assay, the MB:SDC complex is preferentially formed in the presence of these potential contaminating ions at these concentrations and is the complex detected in the chloroform layer.
We next collected effluents at each DI water wash step of the decellularization protocol and determined the anionic detergent concentration at these different steps for mouse, human, and pig lungs ( Fig. 3 and Supplementary Fig. S12 ). In the DI water washes immediately following Triton X-100 incubations, no absorbance was detected at 630 nm, matching our finding that Triton X-100 does not interfere with the assay (Supplementary Fig. S6 ). We were, however, able to detect SDC in the early DI water wash steps immediately following the SDC incubation step, which then decreased with subsequent DI water washes. We found that murine lungs were almost free of SDC following the first wash step, but that the SDC remained longer and was more difficult to wash out in the human and pig lungs (Fig. 3 and Supplementary Fig. S12 ). No detectable SDC was found in the final DI water wash effluents following SDC incubation.
The first wash step after NaCl incubation showed a slight increase in absorbance for all species, but values remained lower than the absorbance of the pure 1 M NaCl solution, likely due to dilution with DI water. We did not detect any absorbance above background in DI water wash effluents following DNase incubation or PAA. As expected from absorbance measurements of pure solutions (Supplementary D at 0.5% SDC is the difference between the mean value of 0.5% SDC in deionized water and the 0.5% SDC with the additive.
BSA, bovine serum albumin; SDC, sodium deoxycholate. Fig. S11 ), a similar effect of increased absorbance was detected in the PBS-SS solution washes (PBS-SS1-6) for human and porcine lungs. The absorbance measurements of the PBS-SS washes was higher than in the washes following DNase treatment and tended to increase with each consecutive wash step, normalizing around the absorbance value of the pure PBS-SS ( Fig. 3 and Supplementary Fig. S11 ).
To confirm that the lack of SDC detected in final effluent measurements was not due to SDC retention in the tissue, we also performed this same assay on excised, homogenized segments of acellular lungs from humans. We found that SDC concentrations detected in the homogenates from decellularized human lung lobes generally correlated with those found in the final effluents of the corresponding human lobe (i.e., little or no detergent detected in either the final effluents or homogenates). Further, we confirmed that the use of filtration does not alter detergent concentrations (Supplementary Table S1 and Supplementary Fig. S13 ).
Determination of cytotoxic detergent thresholds
As a number of different cell types will be investigated for use in recellularization of decellularized lung scaffolds, we assessed the in vitro cytotoxicity of three commonly utilized detergents across a broad range of potential detergent concentrations in four representative human lung cells: epithelial (HBE), vascular endothelial (CBF), and fibroblasts (HLF), and a bone marrow-derived stromal progenitor cell (hMSC). Interestingly we found that cells displayed differential responses to the different detergents with CBFs displaying higher sensitivity than the other cells to cytotoxic effects in all detergents (Fig. 4 and Table 3 ). Similar to the CBF cells, HBEs were more sensitive to Triton X-100 while hMSCs and HLFs were slightly more resistant. SDS was similarly toxic to HBE, hMSC, and HLFs. HLFs showed the highest resistance against SDC while HBEs and hMSCs were similarly sensitive. Overall, Viability of HBE, CBF, HLF, and hMSC in response to various amounts of different detergents (SDC, SDS, and Triton X-100) was determined by WST-1 conversion after cultivation for 24 h. 2.5% Triton X-100 served as positive (cytotoxic) control while cultivation medium served as negative control (set to 100%). 70% viability and thereby critical, cytotoxic concentrations are displayed in Table 3 . Mean -SD, samples measured in triplicates. HBE, Human bronchial epithelial; HLF, human lung fibroblasts; hMSC, human mesenchymal stem cell. Color images available online at www.liebertpub.com/tec 424 ZVAROVA ET AL.
SDS and Triton X-100 induced cytotoxicity at lower concentrations than SDC.
Evaluation of effluent cytotoxicity
To test the potential for establishing a nondestructive means of evaluating scaffold cytotoxicity for the decellularization protocol, effluents from the first and last DI water wash step after incubation with SDC (SDC1 and SDC6), the first and last PBS-SS wash step of pig lung lobe decellularizations (PBS-SS1 and PBS-SS6) and supernatants from homogenized acellular human lung tissue from different samples were tested with the four different cell lines. We found that while SDC1 induced significant toxicity in all cell lines, neither SDC6, any PBS-SS wash step or supernatants from homogenized acellular lung tissue induced significant cell toxicity (Fig. 5 and Supplementary Fig. S14 ). This matches our previous finding that we were unable to detect any SDC content in the final PBS-SS wash effluents using our optimized anionic detergent detection protocol or cytotoxic levels in homogenates ( Fig. 3 and Supplementary  Table S1 ). This further validates our previous collective results in successfully recellularizing intact small segments of acellular porcine and human lungs generated using this decellularization protocol with all four cell types. 8, 10, 23 This confirms that there are no residual toxins, including anionic detergents, which are present at a level in final PBS-SS effluents or in the decellularized scaffolds that significantly compromises viability of these cell types, and that effluent samples can be used to test cytocompatibility.
Discussion
Ex vivo bioengineering of functional lung tissue is a growing area of research that offers a potential solution to the high demand for lung tissue for transplantation. Traditionally, engineered tissue requires a scaffold, or three-dimensional (3D) matrix, which could be biologically derived or synthetically fabricated. Scaffolds can be subsequently seeded with autologous stem, progenitor, or other cells obtained from the ultimate transplant recipient to avoid immune complications and the usage of immunosuppressive medication. 2, 35 This method has been successfully used clinically in regeneration of the trachea and in preclinical animal models of Triton X-100 served as a cytotoxic (positive) control in both cases while cultivation medium served as the negative control (set to 100%). The threshold for cytotoxicity was set at 70%. Mean -SD, n = 2-6. One sample t-test *: sign. to 70% viability, *p < 0.05, **p < 0.01, ***p < 0.001, other significance values are indicated by discrete p-values. Color images available online at www.liebertpub.com/tec tissue regeneration such as skin, vasculature, cartilage, bone, heart, and liver. 28, 29, [35] [36] [37] To date, even extremely advanced manufacturing technologies, such as 3D printing, have not been successful in recreating the complex 3D architecture of the lung and acellular lung scaffolds remain the most promising current approach.
Commonly utilized approaches for whole lung decellularization include the perfusion of the native lung vasculature and in some protocols, also the airways, with solutions, including hypo-and hypertonic salt solutions, detergents, and DNase to lyse and remove cells and cellular debris.
2 However, detergent removal can be challenging, particularly in lungs and other highly vascularized organs, such as kidney and liver, derived from large species such as porcine and human sources. [4] [5] [6] [7] [8] 12 While others have successfully used techniques to identify residual detergents in homogenates generated from these acellular organs, the specificity of some of these techniques in detecting specific anionic detergents remains unclear. 7, 12 Further, all of these techniques utilized destructive methods and thus are not optimal for clinical translation schemes or in nondestructively assessing cytocompatibility before costly and complex recellularization experiments. Further, the applicability of these protocols to be used in different laboratories using different anionic detergent schemes remains unknown and they have not all been optimized for use with other decellularization agents. Other noninvasive-based techniques, such as high performance liquid chromatography, have also been used to detect detergents in simple decellularized scaffolds, 11 but may not be readily available in all laboratories or conducive for costeffective routine testing.
The MB detergent detection assay has been primarily used in detecting anionic detergent concentrations in different applications such as wastewater, environmental water, and in drug testing of urine samples. 19, 33, 38 In the presence of anions, such as the anionic detergents SDC and SDS, electrostatic forces between the positively charged MB and anionic detergents generate a chloroform extractable complex, which correlates with the amount of anionic detergent in the sample. Without formation of this complex, the water soluble MB remains immiscible in chloroform. However, there are many variables that can affect assay performance and previous MB assays used in wastewater studies required large volumes (in the mL range) and extensive backwashing with chloroform to minimize these effects. 18, 33, 38 By doubling the initial ratio of the amount of chloroform to the total aqueous fraction typically used in the MB detergent assay, we did not require extensive backwashing to eliminate interference from potential contaminating ions or compounds. 19, 39 We also found that we were able to scale down the entire assay to mL amounts by using a detergent:MB solution ratio of 1:100 for SDC and 1:1000 for SDS, respectively, and that we could generate linear curves for the entire potential anionic detergent concentration range used in most lung decellularization schemes.
We were successfully able to use this assay to assess anionic detergent removal using a Triton X-100, SDC perfusion based lung decellularization protocol. The MB detergent assay has previously been reported to have interference from anions such as chloride or sulfates, however, we did not observe significant changes in standard curves prepared using solutions containing chloride or sulfates using our optimized assay at the concentrations used in decellularization solutions. We did, however, observe slight batch to batch variations in the background absorbance measurements of our PBS-SS, presumably due to differences in the antibiotics and antimycotic lots. Sulfates may also be present in proteins, such as proteoglycans (e.g., heparan sulfates). In a previous report, mass spectrometry proteomic analysis was used to detect proteins in effluents using a similar Triton X-100, SDC detergent-based protocol as we used here. 34 Sulfated proteoglycans were detected at the highest amounts following the 1 M NaCl wash. However, we did not see a large increase in absorbance in these DI water wash effluents above the background of the 1 M NaCl solution, indicating that our optimized assay is specific for anionic detergent detection. The use of this assay to assess anionic detergent amounts throughout the decellularization protocol, confirms the removal of anionic detergent using the volumes and flow rates we previously reported for generating cytocompatible porcine and human acellular lungs. 8, 10 Another important endpoint in evaluating decellularized scaffolds is the determination of its capability to support survival and cellular growth during recellularization. An unexpected finding of this study was that the four different representative cell lines/types assessed had different cytotoxic thresholds to the various detergents. Recellularization schemes will likely require multiple cell types and therefore it is important to test multiple cell types when assessing cytocompatibility of decellularized scaffolds. HMSCs and HLFs were more resistant to all three detergents, while HBEs and CBFs were unable to tolerate higher concentrations of detergents. Homogenized scaffolds, the last DI water wash following SDC incubation (SDC6), and the PBS-SS washes did not induce significant cytotoxicity in the four different cell types, suggesting that there is no significant detergent left in the scaffold generated using our protocol that would negatively impact recellularization. This is in line with our previous findings that recellularized segments support growth and proliferation in healthy murine, macaque, porcine, and human scaffolds up to 28 days. 2, 10, 22, 25, 26 In addition to the potential for residual detergents to induce cytotoxicity in recellularization strategies, the detergents used and the manner in which they are utilized can dramatically impact the final matrix composition and immune response upon implantation. Detergents utilized have been shown to variably induce matrix metalloproteinase activity, resulting in potential degradation of remaining ECM proteins in the scaffold. 3, 15, 20, 21 The pH at which detergents are used has also recently been shown to have adverse effects in in vivo implantation studies. 30 We found no influence of basic pH changes on the detection of SDC with our MB assay, thereby proving its potential application in decellularization protocols using basic conditions. Use of acidic pH was not feasible because of precipitation of SDC at acidic pHs. Decellularization using CHAPS at a more physiologic pH was shown to minimize the host inflammation response when acellular rodent lung scaffolds were implanted into immunocompetent rodents, despite the presence of increased DNA content in these scaffolds, which is thought to be immunogenic. 3 It remains unknown whether a recellularized construct would mask this inflammatory response by covering immunogenic epitopes or whether 426 ZVAROVA ET AL.
recellularization could remodel a scaffold to minimize or eliminate immunogenicity. At present, there is no consensus for an optimal decellularization protocol. Reduction of large volume DI water rinses may be beneficial for preserving matrix components, including matrix-bound growth factors, which have been shown to be necessary for inducing differentiation of embryonic stem cell-derived definitive endodermal cells seeded onto acellular lung. 40 As each large organ may be different in size, especially for human-derived lungs, this assay may be one easy way to determine the minimal DI water washes with respect to anionic detergent removal. Thus, at present, careful monitoring of the removal of detergents is a critical endpoint in detergent-based protocols and should be assessed in addition to other proposed endpoints such as retention of major ECM components and removal of visible cell nuclei. 3 The assay we developed here can be readily used in all laboratories using common reagents and equipment as a cost-effective means to detect removal of anionic detergents in effluents during decellularization protocols, such as SDC and SDS.
